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The unambiguous i d e n t i f i c a t i o n  o f  p o l y c y c l i c  aromatic hydrocarbons (PAH)  i n  a 
complex m ix tu re  i s  a d i f f i c u l t  a n a l y t i c a l  problem. Combined gas chromatography/ 
mass spectrometry i s  one o f  t h e  most f requen t l y  used techniques f o r  t h e  ana lys i s  o f  
PAH i n  complex mixtures due t o  i t s  a b i l i t y  t o  separate components p r i o r  t o  detec- 
t i o n  by the  mass spectrometer. Conventional e l e c t r o n  impact i o n i z a t i o n  i s  o f t e n  
l i m i t e d  i n  i t s  a b i l i t y  t o  i d e n t i f y  PAH a t  t h e  isomer ic  l e v e l  because PAH genera l l y  
y i e l d  s t rong molecular i ons  w i t h  l i t t l e  o r  no f ragmentat ion which would a l l o w  
isomeric species t o  be d i f f e r e n t i a t e d .  The presence o f  a p a r t i c u l a r  isomer i n  a 
m ix tu re  can have a profound e f f e c t  on t h e  m ix tu re ' s  b i o l o g i c a l  a c t i v i t y .  Fo r  
example, benzo(a)pyrene i s  a well-known po ten t  carcinogen, whereas i t s  isomer, 
benzo(e)pyrene i s  r e l a t i v e l y  i nac t i ve .  Therefore, i t  i s  impor tant  t o  be ab le  t o  
i d e n t i f y  these compounds and even q u a n t i t a t i v e l y  determine t h e i r  l e v e l s  i n  t h e  
presence o f  each other  i n  order  t o  f u l l y  assess a m ix tu re ' s  p o t e n t i a l  r i s k  w i t h  
respect  t o  human heal th .  

A number o f  mass spec t ra l  techniques have been repor ted i n  recen t  yea rs  as a 
means o f  d i f f e r e n t i a t i n g  isomer ic  PAH, i n c l u d i n g  mixed charge exchange chemical 
i o n i z a t i o n  (1,2), pulsed p o s i t i v e  and negat ive chemical i o n i z a t i o n  us ing mixed 
reagents (3,4), and metastable i o n  spect ra (5). These methods r e l y  upon comparing 
t h e  r a t i o s  o f  the observed i o n  i n t e n s i t i e s  f o r  t he  d i f f e r e n t i a t i o n  o f  t h e  isomer ic  
compounds. Th is  would l i m i t  t he  usefulness o f  these techniques t o  compounds f o r  
which standards were ava i l ab le .  I d e a l l y ,  one would l i k e  an a n a l y t i c a l  technique 
which would no t  r e l y  on t h e  a v a i l a b i l i t y  o f  au then t i c  compounds. Th is  i s  p a r t i c u -  
l a r l y  t r u e  i n  the  case o f  PAH and a l k y l - s u b s t i t u t e d  PAH, where thousands o f  isomers 
are possible, but  r e l a t i v e l y  few are commercial ly ava i l ab le .  

Recently, we have been i n v e s t i g a t i n g  t h e  use o f  e l e c t r o n  capture negat ive i o n  
processes f o r  the d i f f e r e n t i a t i o n  o f  isomer ic  PAH ( 6 ) .  Most PAH have p o s i t i v e  
e l e c t r o n  a f f i n i t i e s  ranging i n  magnitude from a few ten ths  t o  over one e l e c t r o n  
v o l t  (7 ) .  E lec t ron  capture reac t i ons  o f  PAH us ing bo th  e l e c t r o n  capture chromato- 
g r a p h i c  de tec to rs  (8,9) and negat ive i o n  chemical i o n i z a t i o n  mass spectrometry 
( 6 , l O - 1 2 )  have been reported. I n  t h i s  paper, negat ive i o n  processes have been 
inves t i ga ted  f o r  t he  d i f f e r e n t i a t i o n  o f  isomer ic  PAH based upon r e l a t i v e  d i f f e r -  
ences i n  e lec t ron  a f f i n i t i e s .  The use o f  these processes i n  both negat ive i o n  
chemica l  i o n i z a t i o n  mass s p e c t r o m e t r y  and a newly developed chromatographic 
de tec to r  w i l l  be discussed. 

I n  the e l e c t r o n  capture negat ive i o n  chemical i o n i z a t i o n  (C I )  experiments, 
methane was used as a b u f f e r  gas and in t roduced i n t o  the i o n  source o f  a Hewlett- 
Packard 59858 quadrupole mass spectrometer a t  a pressure o f  a few ten ths  o f  a t o r r  
( 6 ) .  Elec t ron  bombardment was used t o  i o n i z e  the  methane. Under these condi t ions,  
e lec t rons  w i t h  nea r l y  thermal energy are produced and can be captured by compounds 
t o  form anions. I n i t i a l  experiments us ing these cond i t i ons  revealed t h a t  some PAH 
undergo e l e c t r o n  capture t o  form molecular  anions, M-, whereas o the rs  d i d  no t  
ion ize,  as shown i n  F igure 1. 
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Further  s tud ies  us ing over f o r t y  PAH suggested t h a t  t h e  i o n i z a t i o n  behavior 
o f  the PAH under e l e c t r o n  capture condi t ions was r e l a t e d  t o  t h e i r  e lec t ron  a f f i n i -  
t i e s .  E l e c t r o n  a f f i n i t i e s  (EA) o f  complex molecules a re  d i f f i c u l t  t o  measure 
exper imenta l ly  (7 ) .  However, EA values may be estimated from Hiickel molecular 
o r b i t a l  c a l c u l a t i o n s  (13). The E A  o f  a PAH i s  l i n e a r l y  r e l a t e d  t o  the energy o f  
t h e  lowest unoccupied molecular o r b i t a l ,  ELUMO, where 

and a and B are  de f i ned  as the Coulomb and resonance i n t e g r a l s ,  respect ive ly ,  and 
mm+l i s  t h e  c o e f f i c i e n t  o f  energy f o r  t he  LUMO. The values o f  mm+l have been 
ca l cu la ted  f o r  a l a r g e  number o f  PAH and are a v a i l a b l e  i n  a number o f  compi la t ions 
(14-16). Because mm+l i s  l i n e a r l y  r e l a t e d  t o  ELUHO. which i s  i n  t u r n  l i n e a r l y  
r e l a t e d  t o  t h e  e l e c t r o n  a f f i n i t y  o f  a molecule, m,,,+l values may be used as a 
r e l a t i v e  measure o f  EA values ( 6 ) .  

Using a d i a b a t i c  E A  values which had been c a l c u l a t e d  by Younkin e t  al., (17 ) .  
as we l l  as m,+l values, i t  was found t h a t  t h e  i o n i z a t i o n  behavior o f  the PAH f e l l  
i n t o  two groups w i t h  respect  t o  t h e i r  E A  values, as shown i n  Table 1. Those w i t h  
E A  va lues g rea te r  t han  0.5 eV (or  m m + l  values g rea te r  than -0.42) ion ized t o  
produce molecular  anions. Compounds w i t h  lower EA values d i d  n o t  i o n i z e  and thus 
were not observed. This d i f f e r e n c e  i n  i o n i z a t i o n  behavior pe rm i t s  a number o f  
isomeric PAH t o  be d is t inguished.  For example, f luoranthene and pyrene, both w i t h  
a molecular weight o f  202, are r e a d i l y  d i s t i ngu ished  under t h e  negative ion C I  
condi t ions,  w i t h  o n l y  f luoranthene y i e l d i n g  a molecular  anion. Perhaps the most 
important d i f f e r e n t i a t i o n ,  however, i s  between t h e  two benzopyrene isomers. As 
s ta ted  p rev ious l y ,  benzo(a)pyrene i s  a much more potent  carcinogen than i t s  isomer, 
benzo(e)pyrene. Under negat ive i o n  C I  cond i t i ons ,  on l y  benzo(a)pyrene i s  ion ized,  
a l lowing i t  t o  be i d e n t i f i e d  r e a d i l y  and q u a n t i t a t i v e l y  determined i n  the presence 
o f  i t s  isomer w i t h o u t  i n te r fe rence .  

The a d d i t i o n  o f  a l k y l  groups t o  a PAH i s  p red ic ted  t o  a l t e r  t h e  a t e r m  i n  
Equation 1 on ly  s l i g h t l y  and thus have l i t t l e  e f f e c t  on EA value o f  the a l ky la ted  
PAH (13). Th i s  p r e d i c t i o n  has been confirmed i n  s tud ies  us ing a l k y l - s u b s t i t u t e d  
PAH, which show t h a t  these compounds may be d i f f e r e n t i a t e d  i n  a manner s i m i l a r  t o  
t h e i r  p a r e n t  compounds. T h i s  e l i m i n a t e s  the  need f o r  standard compounds t o  
d i f f e r e n t i a t e  these compounds as we l l .  

A number of n i t rogen-subs t i t u ted  PAH have a l s o  been stud ied by the  e l e c t r o n  
capture negat ive i o n  CI techniques, and the same type o f  isomer ic  d i f f e r e n t i a t i o n  
i s  observed. A few o f  t h e  compounds which have been stud ied are shown i n  Table 2. 
The add i t i on  o f  a n i t r o g e n  i n t o  t h e  r i n g  system o f  a PAH r a i s e s  the e lec t ron  
a f f i n i t y  of t he  azaarene s l i g h t l y  above t h a t  o f  t h e  parent  PAH. Th is  i s  observed 
c l e a r l y  i n  the case o f  ac r id ine ,  which y i e l d s  molecular anions, i n  con t ras t  t o  the  
corresponding PAH, anthracene, which does n o t  i on i ze .  

An example i l l u s t r a t i n g  the  use o f  e l e c t r o n  capture negat ive i o n  C I  i s  shown 
i n  Figure 2. I n  th is  f i g u r e  a r e  three t o t a l  i o n  chromatograms o f  a PAH i s o l a t e  
from a coal -der ived l i q u i d .  The lower t r a c e  was obta ined by conventional e lec t ron  
impact i o n i z a t i o n .  The middle t r a c e  was obta ined by methane chemical i o n i z a t i o n  i n  
t h e  p o s i t i v e  ion mode. I n  both o f  these chromatograms, a l l  o f  t he  compounds are 
i o n i z e d  and t h e  p r o f i l e s  appear e s s e n t i a l l y  i d e n t i c a l .  The upper t r a c e  was 
obtained i n  the  e l e c t r o n  capture negt ive i o n  CI mode us ing  methane as the buf fer  
gas. I n  t h i s  chromatogram, on ly  compounds w i t h  EA values over 0.5 eV are observed, 
a l lowing a number o f  isomers t o  be d is t inguished.  Most no tab le  i s  t he  d i f f e r e n t i a -  
t i o n  Of f luoranthene (peak l)  and pyrene (peak 2), as w e l l  as the  C2-substi tuted 
f luoranthenes (peak 4) and t h e  C2-subst i tu ted pyrenes (peak 5 ) .  Another feature o f  
t h i s  technique i s  a l so  observed i n  F igure 2. Higher molecular weight  compounds are 
of ten d i f f i c u l t  t o  observe us ing chromatographic methods. This  i s  due t o  the  f a c t  
t h a t  the chromatographic e f f i c i e n c y  drops o f f  as t h e  compounds are re ta ined  on the 
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Column f o r  longer per iods o f  time. I n  t h e  negat ive i o n  C I  mode, however, these 
h igher  molecular weight PAH are more c l e a r l y  observed than w i t h  e i t h e r  e l e c t r o n  
impact or  p o s i t i v e  i o n  chemical i o n i z a t i o n .  The h igher  s e n s i t i v i t y  o f  t h e  com- 
pounds i n  the e l e c t r o n  capture process i s  due t o  t h e  f a s t e r  r e a c t i o n  r a t e s  of 
electron-molecule react ions,  i n  general,  and the  h ighe r  capture c ross -sec t i on  and 
e l e c t r o n  a f f i n i t i e s  o f  these l a r g e r  PAH. The a b i l i t y  t o  de tec t  these l a r g e r - r i n g  
PAH i s  espec ia l l y  impor tant  i n  t h e  ana lys i s  o f  complex mixtures w i t h  respect  t o  
human hea l th  r i s k s  because these compounds g e n e r a l l y  have h i g h e r  b i o l o g i c a l  
a c t i v i t y  t han  compounds w i t h  fewer aromatic r i ngs .  Compounds w i t h  molecular  
weights i n  excess of 350 have been observed i n  coal -der ived l i q u i d s  us ing t h i s  
technique. 

E lec t ron  capture de tec to rs  (ECD), which a re  widely  used i n  chromatography, 
employ chemical processes which are s i m i l a r  t o  those used i n  e l e c t r o n  c a p t u r e  
negat ive i o n  C I  experiments. I n  t h e  case o f  an ECD, t h e  de tec to r  i s  operated a t  
atmospheric pressure instead o f  a few ten ths  o f  a t o r r ,  and a source o f  
@- rad ia t i on ,  usua l l y  3H o r  63Ni, i s  used instead o f  an e l e c t r o n  f i l a m e n t  f o r  t he  
i o n i z a t i o n  o f  t he  b u f f e r  gas. T y p i c a l l y ,  a m ix tu re  o f  10% methane i n  argon i s  used 
as the b u f f e r  gas. The p a r t i c l e s  c o l l i d e  w i t h  t h e  argon t o  produce metastable 
ions, which then i o n i z e  methane t o  produce thermal e lect rons.  As a compound enters  
the de tec to r  c e l l  and captures these e lec t rons ,  t he  cu r ren t  measured a t  t h e  anode 
decreases, producing the  r e s u l t i n g  s ignal .  

Studies o f  PAH us ing an ECD have shown t h a t  some d i f f e r e n t i a t i o n  may be 
obtained based on t h e  r e l a t i v e  responses o f  t h e  isomers (19). Th i s  d i f f e r e n t i a t i o n  
can be enhanced w i t h  the  a d d i t i o n  o f  dopants t o  the  b u f f e r  gas, such as oxygen and 
e t h y l  c h l o r i d e  (19.20). The s i m i l a r i t y  i n  the  chemical processes used i n  an ECD 
and t h e  n e g a t i v e  i o n  C I  exper iments prompted the i n v e s t i g a t i o n  o f  whether a 
chromatographic de tec to r  s i m i l a r  t o  an ECD b u t  operated a t  lowered pressures would 
y i e l d  the  same type o f  d i s t i n c t  responses f o r  isomer ic  PAH as was observed i n  t h e  
mass spectrometry experiments. 

A vacuum chamber was designed t o  con ta in  a convent ional  ECD c e l l  w i t h  a 63Ni 
source. The chamber was const ructed so t h a t  t he  pressure could be va r ied  from a 
few ten ths  o f  t o r r  t o  atmospheric. A separate l i n e  suppl ied the  b u f f e r  gas t o  t h e  
c e l l  and a fused s i l i c a  c a p i l l a r y  column was connected d i r e c t l y  t o  t h e  detector .  A 
more d e t a i l e d  d e s c r i p t i o n  o f  t h e  d e t e c t o r  d e s i g n  has been s u b m i t t e d  f o r  
pub l i ca t i on .  

A mix ture o f  f o u r  PAH, phenanthrene, anthracene, f luoranthene,  and pyrene, 
were f i r s t  studied w i t h  the  de tec to r  a t  atmospheric pressure. As shown i n  F igure 
3a. on l y  th ree  o f  t h e  fou r  compounds were detected w i t h  t h e  de tec to r  operated i n  
the  conventional ECD mode. Phenanthrene has a low e l e c t r o n  a f f i n i t y  (0.03 e V ) ,  and 
does n o t  undergo e l e c t r o n  capture (17,19). When t h e  pressure i n  t h e  de tec to r  was 
lowered t o  about one t o r r ,  t he  d i r e c t i o n  o f  t h e  ch romatog raph ic  peaks were 
reversed, as shown i n  F igure 3c. Th is  reverse response ind i ca tes  t h a t  t he  e l e c t r o n  
populat ion i n  the c e l l  increased as the compounds e lu ted,  represent ing e l e c t r o n  
emission by the  compounds themselves. The emission process y i e l d s  approximately 
equal response f o r  a l l  f ou r  compounds, i n  c o n t r a s t  w i t h  the  d i s t i n c t l y  d i f f e r e n t  
r e l a t i v e  responses observed i n  t h e  e l e c t r o n  capture mode a t  atmospheric pressure. 

When the pressure w i t h i n  the  v a r i a b l e  pressure de tec to r  was increased t o  
a p p r o x i m a t e l y  200 t o r r ,  a t h i r d  t y p e  o f  response was observed, as shown i n  
Figure 3b. The peaks f o r  t he  two isomers f luoranthene and pyrene a r e  i n  t h e  
e l e c t r o n  capture and e l e c t r o n  emission modes, respec t i ve l y ,  a l l ow ing  them t o  be 
r e a d i l y  d is t inguished.  The peak f o r  phenanthrene i s  i n  the  e l e c t r o n  emission mode 
and t h a t  f o r  anthracene i s  a t  a cross-over p o i n t  between emission and capture 
modes. A t  lower pressures, t he  peak would be negative, i n d i c a t i v e  o f  e l e c t r o n  
emiss ion,  and a t  h ighe r  pressures, t he  peak would be p o s i t i v e ,  i n d i c a t i v e  of 
e l e c t r o n  capture. Th is  demonstrated t h a t  d i f f e r e n t i a t i o n  o f  var ious isomers can be 
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obtained w i t h  t h i s  new de tec to r  by se lec t i ng  pressures where one isomer would be i n  
the  e lec t ron  capture mode, w h i l e  the  o the r  isomer would be i n  t h e  e l e c t r o n  emission 
mode. An example o f  t h i s  i s  shown i n  F igure 4. I n  t h e  t o p  p r o f i l e ,  t h e  de tec to r  
was opera ted  i n  t h e  e m i s s i o n  mode and a l l  c o m p o n e n t s  o f  a m i x t u r e  o f  
a l k y l - s u b s t i t u t e d  phenanthrenes and anthracenes a re  observed. Rais ing t h e  pressure 
t o  175 t o r r  causes the  subs t i t u ted  anthracenes t o  cross-over  t o  t h e  e l e c t r o n  
capture mode, a l l o w i n g  them t o  be c l e a r l y  d i f f e r e n t i a t e d  from the  isomer ic  a l k y l -  
subs t i t u ted  phenanthrenes. 

This v a r i a b l e  mode i o n i z a t i o n  de tec to r  can be operated i n  t h r e e  d i s t i n c t  
modes j u s t  be changing t h e  pressure w i t h i n  the c e l l .  A t  atmospheric pressure, i t  
can be operated as a convent ional  ECO. A t  low pressures, it can be operated i n  the  
e lec t ron  emission mode and very l e v e l  responses f o r  each compound can be obtained, 
not  un l i ke  e l e c t r o n  impact i o n i z a t i o n  or flame i o n i z a t i o n  response, F i n a l l y ,  a t  
in termediate pressures, a h igh degree o f  s e l e c t i v i t y  f o r  var ious compounds may be 
obtained. I n  t h i s  l a t t e r  mode, t h e  same t ype  o f  isomer ic  d i f f e r e n t i a t i o n  observed 
i n  the negat ive i o n  C I  mass spectrometry experiments can be obtained, b u t  wi thout  
t he  need f o r  t he  mass spectrometer. Not on l y  can t h e  d e t e c t o r  be used i n  t h i s  mode 
t o  d i s t i n g u i s h  va r ious  isomers, bu t  a l s o  t o  s e l e c t i v e l y  d e t e c t  one c l a s s  o f  
compounds i n  the presence o f  o the r  classes. 
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Table 1. Electron capture CI response of PAH 

Base 
Molecular peak 

Compound weight -m,+la €Ab m / z  

Acenaphthylene 
Anthanthrene 
Indeno(l.2.3-cd)pyrene 
Benzo(i)fluoranthene 
Benzo(a) pyrene 
Fluoranthene 
Benzo (b)fl uoranthene 
Benzo(ghi ) fluoranthene 
Azulene 
Benzo (k )f 1 uoranthene 
Anthracene 
Dibenzo(a,i)pyrene 
Di benzo( a,e) pyrene 
Benzo(ghi)perylene 
Pyrene 
Benzo(a)anthracene 
Oibenzo(a,i)anthracene 
Benzo(e)pyrene 
1.2.3.4-Dibenzanthracene 
Picene 
Chrysene 
1-Phenyl naphthalene 
Coronene 
Benzo(c)phenanthrene 
2-Phenyl naphtha1 ene 
p-Terphenyl' 
Phenanthrene 
Naphthalene 
Biphenyl 

152 
276 
276 
252 
252 
202 
252 
226 
128 
252 
178 
302 
302 
276 
202 
228 
278 
252 
278 
278 
228 
204 
300 
228 
204 
230 
178 
128 
154 

0.285 
0.291 
0.293 
0.312 
0.371 
0.371 
0.377 
0.378 
0.400 
0.401 
0.414 
0.522 
0.422 
0.439 
0.445 
0.452 
0.492 
0.497 
0.499 
0.502 
0.520 
0.522 
0.539 
0.568 
0.565 
0.593 
0.605 
0.618 
0.705 

0.77 
-c 

0.64 
0.63 

0.77 

0.49 

0.51 
0.45 
0.42 
0.33 
0.35 
0.34 
0.29 
0.26 

0.32 
0.18 

- 

0.03 
-0.06 

152 
276 
276 
252 
25 2 
202 
252 
226 
128 
252 

302 
302 
276 

-c 

acalculated coefficient of energy for LUMO from Refs. 14, 

bCalculated electron affinity values from Ref. 17. 
CThe - signifies that no response was observed. 

15. and 16. 
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Table  2.  Negat ive i o n  CI response o f  se lec ted  azaarenes 
-. - 

MU Negative I o n  CI Response 

Acr id ine  (9-azaanthracene)  179 
Phenanthridene (9-azaphenanthrene) 179 
2 -aza f luoranthene  203 
1-azapyrene 203 
I -azachrysene 229 
IO-azabenzo(a)pyrene 253 

179 

203 
203 

253 

I 1  

196 



L O  * 
0 E- 

m IC) 

u m g  +- 

W 

0 r: 
w PI 
3 
k a 
4 V 

z 0 PI 

W 
-I W 

n 

t, 

4 
v 

m 
v 

197 

. . . . . .  
- N t O U U l W  

L U  0 '- L 

m w  m r  
.oca o m  
E O  * E- 
u+v 
e m -  
L U L  
W W L  
L O  
L L U  
'- 0 

U 
W U  .U r 

nu- 

m w m  .' . 
C n W -  
.r L m 
!A 3- 

m m L  
W L  
L O  au 

W L m m  
a w  0)  


